A four cylinder transportation diesel engine was used to evaluate the performance of two non-noble metal based diesel oxidation catalysts (DOC) with respect to various emission parameters such as particulate mass, elemental/organic carbon (EC/OC) content, and trace-metal content in particulates. Two new non-noble metal based DOCs were prepared and evaluated using mixed oxide (Co 3 O 4 -CeO 2 ) and perovskite catalysts with ceria support. Emissions were evaluated before and after the use of a commercial DOC for comparison. Experimental results showed that newly prepared DOCs were effective in reducing the organic carbon content of particulates. The effectiveness of these DOCs increased with higher engine loads. Performance of these two prepared DOCs was comparable to the commercial DOC. Trace metal concentration in particulates increased for most metals detected, primarily due to reduced organic carbon content of particulates emitted from the DOC. Prepared DOCs showed significant reduction in organic carbon at 50% and higher engine loads. Significant organic carbon reduction was found to be responsible for particulate reduction.
Introduction
In last couple of decades, diesel engines have gained prominence in the medium-duty transportation sector compared to their gasoline counterparts, primarily due to their relatively higher efficiency and durability. Diesel engines emit relatively higher particulate matter (PM) and oxides of nitrogen (NO x ).
1-5 Diesel particulate mainly comprise of elemental carbon (EC), organic carbon (OC), inorganic ions, and trace metals. 6, 7 Organic fraction of diesel particulate (sometimes referred as soluble organic fraction; SOF) is the main fraction responsible for its carcinogenic and mutagenic effects in humans. [8] [9] [10] With increasingly stricter emission norms being adopted worldwide, it is becoming difficult to comply with PM and NO x emission limits by using in-cylinder emission reduction techniques alone. Therefore, it has become a norm to use exhaust gas aer-treatment devices, in addition to in-cylinder emission control techniques, so that engines/vehicles can comply with the emission norms. There are several aer-treatment devices used for the control of PM and NO x emissions, such as diesel oxidation catalysts (DOC), diesel particulate lters (DPF), urea-selective catalytic reduction (Urea-SCR), NO x adsorbers etc. DOC is an important aer-treatment device for PM reduction, which effectively reduces organic fraction of the particulate, however it does not reduce emission of elemental carbon (soot). It is a ow through device, which does not create any back-pressure on the engine, therefore it does not affect engine performance adversely. Primary role of DOC is to reduce soluble organic fraction (SOF) of the particulates however it also reduces carbon monoxide (CO) and hydrocarbon (HC) emissions effectively.
Most commercially available DOCs are coated with noble metals such as platinum (Pt), palladium (Pd) etc. which are very expensive rare earth metals. These issues encourage development of non-noble metal based catalysts for DOCs, which could prove to be a promising, long-term and sustainable solution for aer-treatment devices. Few scientic studies [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] investigated effectiveness of non-noble metal based catalysts for reduction of diesel emissions. Grisel 23 Liang et al. investigated catalytic activity of Cu/Mn doped ceria for diesel soot oxidation and reported that Cu-Ce interaction signicantly enhanced release of lattice oxygen from the oxides. Both catalysts showed superior catalytic behavior and selectivity to CO 2 for soot oxidation, compared to ceria.
24
India imports approximately 80% of its domestic petroleum requirements therefore country is looking for a sustainable alternative to imported mineral diesel. Biodiesel can be effectively used as partial or full replacement of mineral diesel. Biodiesel is a promising alternative fuel for partial replacement of mineral diesel, which results in signicantly lower particulate emissions as well. Karanja and Jatropha are two biodiesel feedstocks available in south-east Asia in abundance. Experimental studies 25, 26 have shown that biodiesel emits lower PM emissions compared to baseline diesel due to its inherent oxygen content. Fuel-borne oxygen molecules help in achieving a higher degree of oxidation of hydrocarbons, which results in higher efficiency also. Its overall well-to-wheel CO 2 emission is lower compared to mineral diesel. Biodiesel usage does not produce any net greenhouse gas because CO 2 produced during combustion of biodiesel is equal to CO 2 absorbed by plants during photosynthesis.
25,27-29
In present study, an attempt has been made to prepare and evaluate two non-noble metal based DOCs for diesel engine emission reduction in combination with Karanja biodiesel blend (B20). These low cost, non-noble metal based DOCs can be used for stationary engine applications also. Combination of biodiesel blend can be effective in longer working life of these DOCs. Application of non-noble metal based catalysts for DOC can be a good option for particulate reduction from biodiesel fuelled engine and further reduce emissions. Co-Ce mixed oxide catalyst and lanthanum based perovskite catalysts were used for preparation of two new DOCs. Various emission parameters such as particulate mass reduction, trace metal emission, and EC/OC emission reductions were investigated in this experimental study and compared with a baseline commercial DOC.
Experimental setup
A four cylinder diesel engine (Tata Motors; Indica 475) was used for the experimental investigations of the DOCs. Fig. 1 shows the schematic of the experimental setup. The general speci-cations of the test engine are given in Table 1 .
Test engine was coupled to an eddy current dynamometer and a dynamometer controller for applying load. Experiments were performed using diesel and Karanja biodiesel blend (20% biodiesel (v/v) blend with diesel: B20) for various engine loads (no load, 25%, 50%, 75% and full load) at rated engine speed (2500 rpm). Initially, engine was equipped with a commercial DOC (Engelhard) for baseline experiments. Emissions were recorded both upstream and downstream of commercial DOC. It was followed by experiments with two new non-noble metal based DOCs. Caloric value, viscosity and density of diesel and B20 were measured in the laboratory and are shown in Table 2 .
A partial ow dilution tunnel (maintained at 52 C) was used to simulate the real world environment for collecting the particles from engine exhaust onto a pre-conditioned glass ber lter paper (47 mm dia). A micro balance (Sartorius; CPA2P-F) was used to measure the lter weight and PM collected on lter paper. For trace metal analysis, Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) was used. This is a type of emission spectroscopy which uses inductively coupled plasma to produce excited atoms and ions that emit electromagnetic radiations at wavelengths characteristic to a particular element. EC/OC analyzer (Sunset Laboratories, Semi-continuous EC/OC Field v.4) was used for EC/OC measurements. This instrument provides EC and OC values, which are comparable to National Institute for Occupational Safety and Health (NIOSH) recognized method 5040. All emission results reported in this study are average of at least three measurements.
Preparation of DOCs
Cylindrical substrates were chosen for this study because of their easier retrotment in vehicle tail-pipe. Ceramic substrates were obtained from Corning Inc., USA. Detailed specications of ceramic substrates are given in Table 3 . Support and catalyst coating are important processes for preparing DOCs. Two DOCs were prepared using two different compositions of non-noble metal based catalysts. In present study, two catalysts were used for the two DOCs; (i) Co 3 O 4 -CeO 2 based transition state metal catalyst and (ii) lanthanum-manganese based perovskite catalyst (LaMnO 3 ). Wet impregnation method was used for catalyst coating. This is a common process normally used for catalyst coating onto the substrate. This process is usually adopted for practical and economic reasons, which allows coating of pre-shaped supports. 30 Coating of Co 3 O 4 -CeO 2 was based on previous literature, 31 in which Co 3 O 4 -CeO 2 mixed oxide catalysts having different compositions were tested for oxidation of gases like CO and evaluated using thermo-gravimetric analysis (TGA) method. This study was performed on small pieces of substrates in a bench test. It was found that 20 : 80 ratio of Co 3 O 4 -CeO 2 (w/w) mixed oxide catalyst delivered the best oxidation performance amongst tested catalyst compositions. Therefore, 20 : 80 ratio of Co 3 O 4 -CeO 2 (w/w) mixed oxide catalyst was chosen in present study. For support loading, ceria (CeO 2 ) was chosen. The purpose of support material is to provide large surface area for adsorption and strong adhesion with catalyst. Larger the surface area of support loading, higher would be the contact between catalyst and pollutant species. Upon coating, ceria provides a surface area in the range of 55-85 m 2 g À1 .
32
Perovskite catalysts have a general formula of ABO 3 , where; 'A' ions can be rare-earth alkaline metal, alkali and other large ions such as Pb 2+ , Bi 3+ etc., and 'B' can be transitional metal ions.
33
They are cheaper compared to noble metal based catalysts and their peculiar chemical properties make them suitable for oxidation of soot and gaseous emissions. These transitional state ions show good redox properties. Apart from this, loosely bonded oxygen atoms and lattice defects provide good catalytic properties.
34
Lanthanum-manganese based perovskite catalyst (LaMnO 3 ) was used in DOCs in order to evaluate its performance under real engine operating conditions. Coating was performed in three layers; support coating, catalyst coating and promoter loading. A systematic approach for coating is shown in Table 4 .
For simplicity of explanation, certain nomenclature is adopted for the DOCs used in this study. Table 5 lists the nomenclature used for different DOCs and raw exhaust.
Results and discussion
Regulated gaseous emissions Fig. 2 shows regulated gaseous emissions with and without DOCs for diesel and B20 at 2500 rpm. Higher oxidation efficiencies of DOC 1 , DOC 2 and DOC 3 for CO can be observed for both, diesel and B20. CO is mainly a product of incomplete combustion. Higher engine load leads to higher degree of incomplete combustion, which resulted in higher CO in raw exhaust. All DOCs were effective in CO oxidation at higher loads. As far as THC emissions are concerned (Fig. 2) , DOC 1 delivered superior performance, followed by DOC 3 and DOC 2 . The effectiveness of DOCs increased with increasing engine load (or alternatively with increasing in-cylinder temperature, resulting in higher exhaust gas temperature). Engine exhaust gas temperature played an important role in oxidation of hydrocarbons in presence of catalyst loaded on DOCs. Fig. 3 shows PM emission upstream and downstream of DOC 1 , DOC 2 and DOC 3 . As exhaust samples were collected aer dilution in partial ow dilution tunnel, it is possible that there may be some inertial and thermophoretic losses in dilution tunnel. All three DOCs delivered good performance in PM reduction (Fig. 3) . However, performance of DOC 1 was superior compared to DOC 2 and DOC 3 . Evaluation of PM reduction was also performed for B20 using prepared DOCs. DOC 2 performance was slightly better compared to DOC 3 . It is easy to perceive from these results (Fig. 3) that oxidation of diesel particulates was more efficiently carried out by Co 3 O 4 -CeO 2 based catalyst (DOC 2 ), while biodiesel particulates were more effectively oxidized by lanthanum based perovskite catalyst (DOC 3 ).
Particulate mass (PM) emissions

Trace metal emissions
Trace metals were unaffected by DOCs and trace metals were also present in the exhaust downstream of DOCs. Due to oxidation of OC fraction of particulates, relative percentage of trace metals increased in remaining particulate collected downstream of DOCs. Fig. 4 shows trace metal emissions in diesel and B20 exhaust, with and without DOCs. Trace metals concentration is represented in 'mg g À1 of particulate' for comparison.
Effect of fuels and operating conditions
Biodiesel has several advantages over diesel such as no aromatics, presence of oxygen, very low sulfur content and low Fig. 4 shows that most trace metals are in higher concentration at lower engine loads and concentration decreased with increasing engine loads, except for metals such as Al and Ca. Trace metals such as Al, Ca, Fe, K, Mg, Na and Zn were present in higher concentration per unit mass of particulate whereas trace metals such as Ag, Cd, Co, Cr, Cu, Mn and Ni were present in relatively lower concentration per unit mass of particulate (Fig. 4) . Blending of biodiesel with diesel did not show any signicant change in trace metal content. This was attributed to presence of 80% diesel (v/v) in the blend, which signicantly contributed towards trace metal emissions. Relatively higher viscosity and density of biodiesel resulted in generation of higher wear debris [36] [37] [38] [39] and lubricating oil turned out to be the main source of trace metals in the engine exhaust.
40,41 Emission of trace metals was higher at lower engine loads and it decreased at higher engine loads for most metals. There are three main sources of trace metals in engine exhaust: (1) trace metals in fuel; (2) organo-metallic additives in lubricating oil; and (3) metallic wear debris from the engine components such as piston rings, piston, cylinder liner, valve seats, etc.
42, 43 Contribution of trace metals from these sources largely depends on engine operating conditions. Fuel-borne trace metal contribution always increased with increasing engine load, because of injection of higher fuel quantity in every cycle. Since engine speed essentially remained constant in trace metal study, trace metal contribution from lubricating oil and wear debris was not affected by engine speed but by engine load. Therefore particulate emissions increased due to higher fuel quantity injected per cycle, but trace metals didn't increase in the same proportion in the particulates.
Effect of DOCs
DOCs seemed to be ineffective in reducing emission of trace metals in particulates. It was observed that highest trace metal concentrations were observed for particulates collected aer DOC 1 from diesel, followed by signicant trace metals concentration of particulates collected downstream of DOC 2 and DOC 3 . No clear trends were evident. Again, this indicated that DOC 1 was most effective in the oxidation of organic fraction, resulting in higher concentration of trace metals in particulate. One important point to be noted is that there is no clear trend in emission of trace metals in this study. Trace metal emissions depend on several factors such as engine wear, combustion quality of fuel in combustion chamber, engine operating conditions etc.
Elemental and organic carbon (EC/OC) emissions Fig. 5 shows EC/OC in engine exhaust particulates with and without DOCs for diesel and B20. EC and OC are the major Fig. 3 Reduction in particulate mass emissions using DOCs. constituents of particulate. Fractions of EC and OC in particulates mainly depend on engine operating conditions. OC of particulates is the fraction, which is considered to be responsible for hazardous health effects. 25, 44 In present study, EC/OC emissions were evaluated to determine; (1) effect of biodiesel; and (2) effect of DOCs. Fig. 5 shows the EC emissions for diesel and B20. As engine load increased, EC also increased for both diesel and B20, however B20 showed signicant reduction in EC in raw exhaust. For example, EC concentration reached approximately 1.2 Â 10 5 mg m À3 for diesel exhaust, while it was approximately 8 Â 10 4 mg m À3 for B20 exhaust. Clearly, biodiesel blending with diesel resulted in reduction of EC in particulates. Overall, there was no signicant difference in OC emission, when engine was fuelled with either diesel or B20, except a slight reduction in case of B20. Signicant reduction was observed in EC, when engine was fuelled with B20. This indicated that toxicity of particulates did not reduce signicantly, although biodiesel reduced the carbon emissions. 9 Since signicant OC was still present in B20 exhaust, it showed potential to cause similar health and environmental effects as diesel exhaust. Agarwal et al., 2013 reported that OC emitted in the biodiesel exhaust is rather difficult to oxidize, compared to OC present in diesel exhaust.
Effect of biodiesel
Combined effect of EC and OC is represented by TC. Overall, TC showed a signicant reduction for B20, mainly due to reduction in EC content of the particulate.
Effect of DOCs
DOCs are known for their potential to oxidize OC fraction of particulates. Fig. 5 shows no signicant EC reduction at low loads. However EC reduced at higher loads for both diesel and B20. EC is basically carbon and has an oxidation temperature of $600
C. It is difficult to oxidize EC at lower and intermediate engine loads because exhaust gas temperature (EGT) seldom reaches such a high value. However, some localized high temperature regions, partial trapping of particulates in sampling line/dilution tunnel and thermophoretic losses may lead to slight reduction of EC content of exhaust sampled downstream of DOCs. As far as OC is concerned, almost no change was observed at lower loads and 25% load. Notably, most of OC fraction got oxidized at intermediate and higher engine loads when exhaust gas passed through DOCs. Slight differences were observed in TC reduction for tested DOCs. As soon as engine load increased to 50%, EGT reached sufficient levels to activate DOC and in-turn oxidize OC fraction of particulate. Higher EGT led to superior performance of DOCs. Higher EGT leads to oxidation of organic compounds in presence of catalysts coated on DOCs. Catalysts need a certain minimum temperature to attain their activation energy. Once they achieve the energy equivalent to activation energy, catalysts accelerate reaction kinetics for oxidation reactions of the harmful exhaust species.
The performance of DOC 2 and DOC 3 were comparable to DOC 1 in oxidation of OC. Tested DOCs showed similar trend of OC reduction (slight increase in case of B20 at full load), although raw exhaust showed lower OC concentration in B20 exhaust compared to diesel exhaust. This indicated that composition of organic compounds present in B20 exhaust were difficult to oxidize compared to organic compounds present in diesel exhaust. Overall, DOCs were effective in removing most OC fraction of particulates at intermediate and higher engine loads.
As discussed, OC fraction of particulates is very important in terms of toxic effects on humans and the environment. It is important to understand the behavior of DOCs in oxidation of toxic compounds present in organic fraction of particulates. Fig. 6 shows relative fraction of EC and OC in exhaust particulates upstream and downstream of tested DOCs. OC fraction was higher in TC at lower engine loads. As engine load increased, fraction of OC decreased, with lowest fraction observed at full load. This was mainly due to higher oxidation of carbon at elevated combustion chamber temperature. OC fraction further decreased in PM samples collected downstream of DOCs. With the help of catalyst, DOCs oxidized most of OC fraction of particulates. For example, OC fraction was $34% (w/ w) in diesel particulates, which reduced to 6%, 9% and 9% (w/ w), when particulates were collected downstream of DOC 1 , DOC 2 and DOC 3 respectively. By closely observing percentage of OC fraction in TC for diesel and B20 particulates, an important inference can be drawn from Fig. 6 . At full load, OC fraction was 6%, 9% and 9% in particulates downstream of DOC 1 , DOC 2 and DOC 3 respectively for diesel, while it was 9%, 16% and 14% respectively for B20. Although OC concentration was lower for B20 exhaust compared to diesel exhaust (Fig. 5 ), higher OC fraction remained in TC (Fig. 6 ). This indicated that composition of OC fraction of B20 exhaust was relatively more difficult to oxidize compared to OC fraction of diesel exhaust.
Conclusions
Mineral diesel and Karanja biodiesel blend (B20) fuelled medium-duty transportation engine exhaust samples were analyzed for particulate mass, trace metals and EC/OC fractions. These parameters were analyzed for exhaust sampled upstream and downstream of a commercial DOC as well as two non-noble metal based DOCs prepared in-house. Commercial DOC (DOC 1 ) showed slightly higher reduction in PM emissions, while prepared DOCs (DOC 2 and DOC 3 ) showed comparable PM reduction. Perovskite catalyst based DOC (DOC 3 ) showed better PM reduction compared to Co 3 O 4 -CeO 2 mixed oxide based DOC (DOC 2 ) for mineral diesel and vice versa for B20. Most trace metals were in high concentration at lower engine loads and decreased with increasing engine loads. B20 didn't demonstrate any signicant change in trace metal emissions vis-à-vis mineral diesel. Exhaust samples downstream of DOCs showed relatively higher concentration of trace metals compared to raw exhaust. This was primarily due to the fact that DOCs signicantly reduced OC fraction of particulates, leading to reduction in total PM mass, resulting in relatively higher trace metal concentration per unit mass of particulates. Tested DOCs showed higher reduction in OC at 50% and higher engine loads. Notably, reduction was observed in OC for B20 raw exhaust. However, it was comparable for particulates collected downstream of DOCs for both, diesel and B20. Percentage fraction of OC/EC clearly showed that OC contributed relatively higher fraction to TC than EC and vice versa at higher engine loads in raw exhaust. In summary, the newly developed non-noble metal based DOCs were effective in emission reduction. Organic carbon emissions from engines were reduced drastically by these DOCs. Due to signicantly lower cost, these catalysts are costeffective for their application in agricultural and on-road vehicles. This experimental study demonstrated application of low cost non-noble metal based DOCs for diesel emission reduction.
